Charged Lifshitz black hole and probed Lorentz-violation fermions from
  holography by Luo, Cheng-Jian et al.
ar
X
iv
:1
61
2.
01
24
7v
2 
 [h
ep
-th
]  
23
 M
ar 
20
17
Charged Lifshitz black hole and probed Lorentz-violation
fermions from holography
Cheng-Jian Luo 1,2,∗ Xiao-Mei Kuang3,† and Fu-Wen Shu1,2‡
1Department of Physics, Nanchang University, Nanchang, 330031, China
2Center for Relativistic Astrophysics and High Energy Physics,
Nanchang University, Nanchang 330031, China
3 Instituto de F´ısica, Pontificia Universidad Cato´lica
de Valpara´ıso, Casilla 4059, Valpara´ıso, Chile
Abstract
We analytically obtain a new charged Lifshitz solution by adding a non-relativistic Maxwell field
in Horˇava-Lifshitz gravity. The black hole exhibits an anisotropic scaling between space and time
(Lifshitz scaling) in the UV limit, while in the IR limit, the Lorentz invariance is approximately
recovered. We introduce the probed Lorentz-violation fermions into the background and holograph-
ically investigate the spectral properties of the dual fermionic operator. The Lorentz-violation of
the fermions will enhance the peak and correspond larger fermi momentum, which compensates
the non-relativistic bulk effect of the dynamical exponent (z). For a fixed z, when the Lorentz-
violation of fermions increases to a critical value, the behavior of the low energy excitation goes
from a non-Fermi liquid type to a Fermi liquid type, which implies a kind of phase transition.
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I. INTRODUCTION
The Anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence[1–4] opens a
new avenue to disclose many different strongly interacting systems. The correspondence
makes a connection between gravitational theories on AdS spacetime and a quantum field
theory(QFT) that lives on the conformal boundary of the AdS spacetime. Due to its re-
markable feature connecting a strong coupling QFT with a weak coupling gravitational
theory, this useful tool has been attracting considerable interest in studying strongly cou-
pled physics, especially, the possible applications to condensed matter physics(see [5–8] for
reviews).
The AdS/CFT duality is first generated in [9] to study a boundary theories with dynam-
ical critical exponents which show the dynamical scaling
t→ λzt, x→ λx with z 6= 1 (1)
instead of the scale invariance with z = 1. It is pointed out that the background, which is
holographically applied to study the nonrelativistic QFT with dynamical (Lifshitz) scaling
(1), is given by the Lifshitz spacetime
ds2 = −r2zdt2 + dr
2
r2
+ r2dx2i , (2)
where the spacial index i runs from 1 to D − 2 and here we set the radius of curvature to
be unit.
In [9], though the dual QFT is non-relativistic with Lifshitz scaling, the bulk gravity is
relativistic which are invariant under the full spacetime diffeomorphism and it has to couple
with matters to generalize the Lifshitz geometry. This situation has been improved by the
Horˇava-Lifshitz(HL) gravity [10, 11] which is based on the perspective that Lorentz symme-
try should appear as an emergent symmetry at long distances, but can be fundamentally
absent at short distances [12, 13]. HL theory is a non-relativistic power-counting renormal-
izable theory of gravitation. Since the HL gravity is itself anisotropic between space and
time, it is natural to expect that the HL gravity provides a minimal holographic dual for
non-relativistic Lifshitz-type QFT. This proposal has been realized and carefully studied in
[14–16]. Especially, it was addressed in [14] that the Lifshitz spacetime is a vacuum solution
to the HL gravity. Analytical vacuum solution with asymptotically Lifshitz geometry was
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also found in [17, 18]. The holographic applications in the framework of the HL gravity
were constructed (for instance, holographic superconductor models in the HL gravity were
studied in [19–21] ).
In this paper, as a first step, we couple the gravitational action of HL gravity with a U(1)
gauge field whose Lagrangian is consistent with the symmetry of HL gravity. We analytically
solve the equations of motions for the gravity and the gauge field, and obtain a new charged
Lifshitz black hole solution to the coupled theory. As we will show later, in the UV limit, our
charged solution behaves as the geometry (2) while at the IR limit, the Lorentz invariance
(with z = 1) is restored and the geometry is AdS2 × RD−2.
Then we introduce the Lorentz-violation fermions in the charged HL background and
study the properties of fermionic spectral. The motivations we introduce the Lorentz-
violation Dirac field stem from the following two aspects. On one hand, the authors of
[22] proposed that the general low energy action of the HL type can be derived as the spec-
tral action for Dirac operator with P-violating terms. They also addressed that the obtained
general Lorentz violating fermionic action related with the Dirac operator is consistent with
the fermionic action of Standard Model Extension (SME) studied in [23], and the Lorentz
violating effects is very small in weak gravitational field. Besides, in HL theory, the Lorentz
symmetry is kind of approximate symmetry at low energy, which motivates us to consider
Dirac field with weak Lorentz violation in this background. On the other hand, holography
has been widely applied to explore the strongly correlated fermionic system. In the pioneer
works [24–28] on this topic, the authors proposed that by studying the bulk Dirac equation
in the RN-AdS black hole with the ingoing behavior at the horizon, the fermionic correlation
can be extracted at the AdS boundary. The proposal helps us further understand the mys-
terious behaviors of the existing (non-)Fermi liquid. Besides in relativistic UV theory, the
fermionic response was also studied in Lifshitz theory in [29, 30]. These works has inspired
more and more efforts to be involved in the related topics1. However, the previous works
usually started by adding relativistic fermions into the (non-)relativistic bulk theory. Since
1 The generalization of holographic fermions obtain many remarkable progress, such as the effects of different
bulk theory on the fermionic correlation[31–40], holographic non-relativistic fermionic fixed points by
imposing the Lorentz violating boundary condition[41–45], phase transition from the Fermi liquid to non-
Fermi liquid and also to the Mott insulating phase due to the interaction between Dirac field and gauge
field[46–51] and the fermionic spectral function effected by lattice effects[52–56], etc..
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the anisotropic scaling (1) is built by construction in the HL gravity, it is natural to expect
the coupling matters exhibit the same scaling in the same footing. This is the other moti-
vation to introduce the probed non-relativistic fermions into the non-relativistic HL gravity
and study the effect of the Lorentz-violation on the Fermionic spectral function.
Our results show that, different from the effect of dynamical exponent which suppresses
the peak of the fermionic spectral function[36, 45], the Lorentz-violation of fermions will
enhance the peak and make the fermi momentum larger to compensate the non-relativistic
bulk effect. Also, for fixed z, small Lorentz-violation of fermions corresponds the low energy
excitation as non-Fermi liquid with nonlinear dispersion relation, when the Lorentz-violation
becomes larger than a critical value, the low energy excitation always behaves as Fermi liquid
with linear dispersion relation. This may imply that in the non-relativistic HL gravity, it
is more natural to introduce Lorentz-violation of fermions to dually describe a fermionic
system whose low energy excitation is Fermi liquid.
The remaining of this paper is organized as follow. In section II, we obtain a charged
black hole solution by solving the coupled system of non-relativistic gauge field and HL
gravitational theory. We show the holographic setup by introducing the Lorentz-violation
fermions into the coupled background sector in section III. Then in section IV, we exhibit the
numerical results of the Fermi momentum and dispersion relation by analyzing the spectral
function. Section V contributes to our conclusion and discussion.
II. ANALYTICAL CHARGED LIFSHITZ SOLUTION FROM HORAVA-
LIFSHITZ GRAVITY
It was studied in Ref. [14] that the HL gravity can provide solution dual to Lifshitz-type
field theories, where the following gravitational action is proposed
Sg =
1
2κ2
∫
dtdrddx
√
−G(KabKab − λK2 + β(R− 2Λ) + α
2
2
∇aN∇aN
N2
). (3)
It will return to Einstein gravity as λ = β = 1 and α = 0. In Ref. [14], the authors
found that for the requirement of stability and perturbative unitarity around flat spacetime,
constraints should be imposed on the couplings, i.e., β > 0, α ≤ 2βd
d−1 and λ ≥ 1 or λ2 ≤ 1d−1
for Λ = 0. When Λ < 0, if we take
Λ = −(d+ z − 1)(d+ z)
2
, and α2 =
2β(z − 1)
z
, (4)
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the Lifshitz metric (2) is also a vacuum solution of the equation (3). In our paper, we will
use the condition with Λ < 0. Besides, the authors worked with the Arnowitt-Deser-Misner
metric ansatz,
ds2 = −N2dt2 + gij(dxi −N idt)(dxj −N jdt). (5)
Here, N , N i and gij are the lapse function, the shift vector and the metric of the space-
like hypersurface, respectively. Thus, in the action, one has the formula
√−G = √gN ,
Kab =
1
2N
(∂tgab − ∇aNb − ∇bNa) and K = gabKab, where R is the scalar curvature of the
metric gab. Later, the authors of [17] analytically studied the neutral Lifshitz black hole
solutions to the gravitational thoery.
Here we intend to explore the possible charged black hole solutions in HL gravity. We
consider Lorentz-violating electromagnetism field coupling to the HL gravity with the action
[57]
Sm = − 1
2κ2
∫
dtdrddx
√
gN
( 2
N2
gij(F0i − FkiNk)(F0j − FℓjN ℓ)− FijF ij
−β0 − β1aiBi − β2BiBi
)
, (6)
where Fµν = ∂µAν − ∂νAµ and Bi = 12 ǫ
ijk
√
g
Fjk with ǫ
ijk the Levi-Civita symbol. Then the
total action of the background we will take account into is
St = Sg + Sm. (7)
We consider the electromagnetic field with the only non-vanishing component At(r) and also
βµ = 0(µ = 0, 1, 2). Subsequently, the Maxwell equation reads as
∂r(
√
gNF rt) = 0, (8)
which gives us the solution
F rt =
Qe√
gN
(9)
with the integral constant Qe, which can be interpreted as the charge of the Lifshitz black
hole.
In order to get the complete solution to the equations of motion deduced from the action
(7), we will borrow the analytical process shown in Ref. [17]. To proceed, we set the metric
components in (5) as
N = e2f(r), grr =
1
e2h(r)
, gii = e
2l(r), Na = 0. (10)
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By substituting the formulas in (10) into the action (7), we obtain
St =
dβυ
2κ2
∫
dredl+h+f
(
(d− 1)l′2 + 2l′f ′ + δf ′2 − 2Λ
d
e−2h − 2Q
2
e
dβ
e−2h−2dl
)
, (11)
where υ =
∫
dtddx and
δ =
α2
2dβ
. (12)
Considering the above St as one dimensional action of the functions f(r), l(r) and h(r) and
then variating the action, we can get two independent equations
(
edl+h+f (l′ + δf ′)
)′
= −2Q
2
e
dβ
ef−h−dl − 2Λ
d
ef−h+dl, (13)(
edl+h+f ((d− 1)l′ + f ′))′ = −2Λef−h+dl, (14)
which can be further simplified as
(
edl+h+f((dδ − 1)f ′ + l′))′ = −2Q2e
β
ef−h−dl. (15)
It seems not so direct to find the solutions of the three functions f(r), l(r) and h(r), but we
can assume the following forms
f = z ln r +
1
2
ln ξ(r), h = ln r +
1
2
ln ξ(r), l = ln r, (16)
so that the metric becomes
ds2 = −r2zξ(r)dt2 + dr
2
r2ξ(r)
+ r2dx2i . (17)
The issue now reduces to find the solution of ξ(r). Inserting the formulas (16) into equation
(15), gives us the equation of motion for ξ(r)(
1
2z
rd+z+1ξ′(r)
)′
= −2Q
2
e
β
rz−1−d. (18)
It is obvious that if we take the constraints (4), then we will get the solution of ξ(r)
ξ(r) = 1− M
rd+z
+
2zQ2e
dβ(d− z)
1
r2d
, (19)
where M and Qe are integral constants which can be understood as the mass and charge
of the Lifshitz black hole. At the horizon r0, ξ(r0) should be zero, which implies that
6
M = rd+z0 +
2zQ2e
dβ(d−z)
1
rd−z
0
. Substituting the solved metric into (8), we can fix the Maxwell field
as
At = µ
(
1− (r0
r
)d−z
)
with µ =
Qe
d− z . (20)
The Hawking temperature of the charged black brane is
T =
(d+ z)rz0 − 2zdβQ2erz−2d0
4π
. (21)
We will move on to give some comments on our black hole solution.
Firstly, the solution (17), (19) and (20) is a new charged Lifshitz solution which is different
from the solutions proposed in[58–64]. However, it can recover AdS RN black hole solution
when z = 1. It is worthy to point out that from the expression of δ in equation (12), α = 0
will force us to keep z = 1 which is the AdS RN solution. Thus we can only expect the
above Lifshitz solution when α 6= 0, which also happens in neutral case studied in [17].
Secondly, from the expression of the temperature (21), it is straightforward that the
extremal case is fulfilled when
Qe =
√
dβ(d+ z)
2z
rd0, or µ =
1
(d− z)
√
dβ(d+ z)
2z
rd0. (22)
Then it is explicit that in order to have real chemical potential, the condition β > 0 should
be satisfied. Furthermore, recalling the expression of δ in equation (12), we should have the
range of the Lifshitz exponent as z > 1 with α 6= 0.
Thirdly, we will check the asymptotical behavior of our solution. In asymptotical bound-
ary r → ∞, since ξ(r → ∞) → 1, so that the metric (17) reduces to the asymptotical
Lifshitz metric (2). While, near the horizon, the geometry is a bit subtle. For simplicity,
we will set the horizon r0 = 1 in the following discussion, then the redshift factor at zero
temperature can be rewritten as
ξ(r) = 1− 2d
(d− z)rd+z +
d+ z
(d− z)r2d . (23)
whose behavior near the horizon is ξ(r) ≃ 2d(d + z)(r − 1)2 = 1
L2
2
(r − 1)2 with L2 =
1/
√
2d(d+ z). Therefore, at the zero temperature, the near horizon geometry is AdS2×Rd
with the AdS radius L2. This is more explicit by considering the transformation
r − 1 = λL
2
2
ς
, t = λ−1τ, λ→ 0 with ς, τ finite. (24)
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Consequently, the metric (17) can be deduced into the AdS2 × Rd form
ds2 =
L22
ς2
(−dτ 2 + dς2) + dx2i (25)
and the gauge field is
Aτ =
(d− z)µL22
ς
. (26)
Since the near horizon geometry is AdS2 × Rd and the solution is Lifshitz in UV limit,
we can use the Lifshitz holography[9] to study its application in strongly coupled physics.
In the next section, as an attempt, we will study the fermionic spectral of the operator dual
to the probed fermions in this background .
III. HOLOGRAPHIC SETUP OF LORENTZ VIOLATION FERMIONS
We will introduce the fermions into the above theory as a probe and apply the holography
to study the fermionic correlation. We consider the Lorentz-violation action for the probed
fermionic sector [23]
S =
∫
dd+2x
√
gψ¯(Γae µa (∇µ − iqAµ) +M)ψ, (27)
with
Γa = γa − cµνeaνe µb γb − dµνeaνe µb γ5γb − eµeaµ − ifµeaµ −
1
2
gλµνe
aνe λb e
µ
c γ
bc,
M = m0 + im5γ
5 +mµe
µ
a γ
a + bµe
µ
a γ
5γa +
1
2
Hµνe
µ
a e
ν
b γ
ab,
∇µ = ∂µ − 1
4
ωµabγ
ab, γab =
1
2
[γa, γb], (28)
The first term in Γa and the first two terms in M respectively lead to the usual Lorentz-
invariant kinetic term and mass term for the Dirac field. In order to take Lorentz-violation
Γa and M , we will choose the setting of parameters as cµν = ρhµν where hµν = gµν + nµnν
and nµ = (−N, 0, 0, 0), Htr = Hrt = iη, m0 = −m = const., and the other coefficients
vanish.
From the action (27), the equation of motion for Dirac field is
(Γae µa (∇µ − iqAµ) +M)ψ = 0. (29)
8
Redefining the field as
ψ = (−ggrr) 14
∫
dωdke−iωt+ikix
i
φ, (30)
and setting φ = (φ1, φ2)
T with φI the two-component spinors, then choosing ki = kδ
i
x because
of the rotation symmetry in the spatial directions, we reduce the Dirac equation (29) into
the form
(
√
gxx√
grr
∂r +mσ
3√gxx)φI = (
√
gxx√
gtt
(ω + qAt)iσ
2 ∓ kσ1 − η
2a
σ1
√
gxx
gttgrr
)φI , (31)
with a = (1− (d+ 1)ρ) after we choose the gamma matrices as [65]
Γr =

 −σ3 0
0 −σ3

 , Γt =

 iσ1 0
0 iσ1

 , Γx =

 −σ2 0
0 σ2

 . (32)
Further setting φI = (XI , YI)
T , we divide the above equation (31) into two equations
√
gxx√
grr
∂rXI +m
√
gxxXI =
√
gxx√
gtt
(ω + qAt)YI ∓ kYI − η
√
gxx
gttgrr
YI , (33)
√
gxx√
grr
∂rYI −m√gxxYI = −
√
gxx√
gtt
(ω + qAt)XI ∓ kXI − η
√
gxx
gttgrr
XI . (34)
Not that we have shifted η
2a
→ η in the equations. Later, we will use η to denote the
strength of the Lorentz-violation of the fermions, and η = 0 means that the fermions are
Lorentz-invariance. With the above equations in hands, we further introduce the new ratios
χI =
XI
YI
. Hereafter, the Dirac equation can be reduced into
(r2
√
ξ(r)∂r + 2mr)χI =
1
rz−1
√
ξ(r)
(ω + qAt) + (−1)Ik − η
rz−2
+
(
1
rz−1
√
ξ(r)
(ω + qAt)− (−1)Ik + η
rz−2
)
χ2I . (35)
The boundary condition of χI near the horizon r → 1 is
χ = i. (36)
UV behavior
In UV limit, the metric (17) becomes
gtt → −r2z, grr → 1
r2
, gxx = r
2, (37)
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with z > 1 and the equation (31) becomes
(r2∂r +mrσ
3 − r1−z(ω + qAt)iσ2 − (−1)Ikσ1 − ηr2−zσ1)φI = 0. (38)
of which the leading order2 is
(∂r +
mσ3
r
)φI = 0, (39)
and its solution near the boundary is
φI = aIr
−m

 1
0

 + bIrm

 0
1

 with r →∞. (40)
As it is addressed in [28], choosing the normal boundary term
Sbdy =
i
2
∫
∂M
dtddx
√−ggrrφ¯φ , (41)
we can suppose that the source and the response in (40) are related by
aI

 1
0

 = SbI

 0
1

 , (42)
and the boundary Green’s function G(ω, k) is
G = −iSγ0. (43)
Recalling the definition of χI =
XI
YI
, we can rewrite the Green function as
G(ω, k) =

 G1 0
0 G2

 = lim
r→∞
r2m

 χ1 0
0 χ2

 . (44)
IR behavior
In near-horizon geometry AdS2×Rd, the Dirac equation (31) in the zero frequency limit
or low energy limit, can be rewritten as
ς∂ςφI − (mL2σ3 − i(d− z)qµL22σ2 − (−1)IL2kσ1 −
ης2σ1
L2
)φI = 0, (45)
2 When z → 1, the leading order is too stiff to say (39) is the leading order of equation (38). In fact, later
in our numerical calculation, we always choose z = 1 + ǫ where ǫ is not a small number, it cannot be
ignored. So when r →∞, it will be general to choose the leading order like equation (39).
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where Γς = −Γr and others are the same as (32) when we reflect the change between the
radial coordinate r to the coordinate ς. Moreover, near the AdS2 boundary with ς → 0, the
leading term of the above equation is
ς∂ςφI =

 mL2 −(d− z)qµL22 − (−1)IL2k
(d− z)qµL22 − (−1)IL2k −mL2

φI , (46)
which gives us the leading behaviour of φI as
φI = b
(0)
I υ−ς
−ν(k) + a(0)I υ+ς
ν(k), (47)
where υ± and ±ν(k) are real eigenvectors and eigenvalues of the matrix in the right side of
equation (46) with the form
ν(k) =
√
(m2 + k2)L22 − (d− z)2q2µ2L42. (48)
Subsequently, according to the discussion in [26], in the IR CFT the conformal dimension
of the operator Ok will be δk = 1/2 + ν(k), which is dependent of the boundary dimension
and Lifshitz dynamical critical exponent because they have information in the IR geometry.
IV. RESULTS OF FERMI SURFACE AND DISPERSION RELATION
In this section, we will numerically solve the Dirac equation (35) to investigate the mo-
mentum of Fermi surface and the dispersion relation of the excitation near the Fermi surface.
In the previous works[36, 45], the authors claimed that as the Lifshitz exponent z increases,
the peak of the Fermi-like peak suppresses and for large enough z, the peak is too small
to be observed. In our model, the same phenomena is observed. Thus, we will fix a small
z = 1.023 and mainly focus on the effects of the Lorentz violation parameter η on the holo-
graphic fermionic systems. Meanwhile, we will fix the mass of fermions m = 0 and charge
q = 1 in the 3 + 1(d = 2) dimensional bulk geometry4.
Then from equation (35), the Green function satisfies the following symmetry
G1(ω, k) = G2(ω,−k), GI(ω, k) = −1/GI(ω,−k), (49)
3 Since z suppresses the peak of Green function, we do not choose it more different from 1, which would be
more interesting because the system is more non-relativistic.
4 Note that effect of dimension of theory and fermionic mass as well as charge on holographic fermions has
been carefully investigated in some gravitational theories[32, 45].
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so that without loss of generality, we can only study the component G2 with positive k for
the Fermi surface and dispersion relation. Note that we will study at zero temperature with
µ having the form in equation (22).
FIG. 1: The Green function with η = 0(left), η = 0.03(middle), η = 0.05(right).
0 1 2 3 4
0
5
10
15
20
k
ImHG22L
d=2,z=1.02
FIG. 2: Green function changing as the momentum with tiny ω = 10−5 for different η. From left
to right, we increase η from 0 to 0.06 with the step 0.01.
0.00 0.01 0.02 0.03 0.04 0.05 0.06
0
1
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4
Η
kF
d=2,z=1.02
FIG. 3: The change of Fermi momentum kF as η.
In figure 1, we show how the Green function G2 behaves as the momentum and frequency
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for different η. The left plot corresponds to z = 1.02 and η = 0, which shows a sharp Fermi-
like peak at zero frequency implying a Fermi surface. And, this peak becomes sharper and
its location of momentum is larger when we increase the Lorentz violation parameter η, as
shown in the middle and right plots. This phenomena is more obvious in figure 2 where we
fix a tiny frequency ω = 10−5 and plot the behavior of G2 by changing the momentum. It
means that η compensates the effect of the Lifshitz exponent which suppresses the height
of peak. From this perspective, this observation may explain why it is more reasonable to
introduce Lorentz violation fermions to our black hole solution to holographically study the
spectral in the boundary theory since we always expect sharp peak at ω = 0 to define the
Fermi-like surface. From figure 2, we can roughly read off the location of the peak, which
0.00 0.01 0.02 0.03 0.04 0.05
1.0
1.5
2.0
2.5
Η
Θ
d=2,z=1.02
FIG. 4: The relation between θ and η.
denotes the Fermi momentum kF of the Fermi surface. With more careful calculation, we
plot the related values of fermi momentum kF for different η in figure 3, which shows that
kF increases as the Lorentz violation of Fermions is enhanced.
After we determine the fermi momentum, we can directly calculate the dispersion relation
which is defined as [26]
ω˜(k˜) ∝ k˜θ, with θ =


1
2ν(kF )
for ν(kF ) <
1
2
1 for ν(kF ) >
1
2
. (50)
where k˜ = k− kF and ω˜ denote the shift away form the fermi surface with (k = kF , ω → 0),
and ν(k) is defined in equation (48). Substituting the determined Fermi momentum into
(50), we compute the exponent θ of the dispersion relation and the results are shown in figure
4. When η is smaller than 0.033, the exponent θ decreases with the increasing of η and it is
always higher than unit, which implies that the low energy excitation is non-Fermi Liquid.
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On the other side, when η is larger than 0.033, the low energy excitation may behave as
Fermi Liquid because θ keeps at unit. Our results imply that when the parameter of Lorentz
violation of fermions reach strong enough, there may be a phase transition from non-Fermi
liquid to Fermi liquid in boundary fermionic system. Thus, in order to holographically
describe the Fermi liquid in non-relativistic HL gravity, it is more reasonable to introduce
Lorentz-violation fermions.
V. CONCLUSION AND DISCUSSION
In this paper, we analytically solved the equations of motion for the coupling system
between non-relativistic gauge field and HL gravitational action. We obtained a new charged
Lifshitz black hole solution, which in the UV limit behaves the Lifshitz geometry (2) with
a dynamical scaling between space and time, while at zero temperature, the near horizon
geometry is AdS2 ×RD−2. Here we did not explore more detailed features of our new black
hole, such as thermodynamics and various stabilities, etc., but we will present this study
somewhere else in the near future. Moreover, it would be very interesting to study whether
our bulk theory admits the hyperscaling violating black hole solution [66, 67], which has
been holographically applied in condensed matter system, please see [68] and thereby in.
Then, by introducing the probed Lorentz-violation Fermions into the background, we
studied the properties of the fermionic sector dual to the charged HL gravity theory. We
fixed z = 1.02 and focused on the effect of the Lorentz-violation feature on the Fermi
momentum and the dispersion relation. We found that for stronger Lorentz-violation of the
fermions, the peak in the spectral function, which is suppressed by the dynamical exponent,
is enhanced and the Fermi momentum is larger. Meanwhile, the stronger violation makes
the exponent of dispersion relation lower until it reaches a critical value η ≃ 0.033, the
dispersion relation is kept linear even though we further enhance the violation, which means
that at the critical value η ≃ 0.033, the type of low energy excitation will transit from non-
Fermi liquid to Fermi Liquid. We also argued that in order to describe a Fermi type Liquid
of the low energy excitation, it is more reasonable to add the Lorentz-violation fermions
in the non-relativistic charged HL gravity. It would be very interesting to further find an
interpretation for the violation parameter η consistent with the Luttinger theorem, which
states that the charge density is equal to the volume enclosed by the Fermi surface.
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Note that in the fermionic sector we studied, we chose the boundary condition (40) for
the Dirac field. Since all fields in our system are non-relativistic, we have strong motivation
to choose the Lorentz violation boundary condition for the bulk fermion field
Sbdy =
1
2
∫
∂M
d3x
√−ggrrφ¯Γ1Γ2φ . (51)
With the above boundary condition, it was first addressed in [41] that the spectral func-
tion of the dual holographic fermionic system presented a flat band of gapless excitation.
Then we follow the discussion of [41], in this case, the retarded Green function is a kind of
recombination of Green functions of the relativistic fixed point as
GR =

 2G1G2G1+G2 G1−G2G1+G2
G1−G2
G1+G2
−2
G1+G2

 (52)
which was firstly obtained in [42]. Due to the symmetry (49), the spectral function is
ANR(ω, k) = Im Tr[GR] = Im
[
4GI
1−G2I
]
. (53)
However, we did not find Fermi surface in this case of our system. The physics behind this
phenomena calls for further research, and we hope that further study on the features of our
black hole solution may give some insight.
Acknowledgments
X.M. Kuang is supported by Chilean FONDECYT grant No.3150006. F.W. Shu
is supported in part by the National Natural Science Foundation of China under
Grant No.11465012, the Natural Science Foundation of Jiangxi Province under Grant
No.20142BAB202007 and the 555 talent project of Jiangxi Province.
[1] J. Maldacena,“The large-N limit of superconformal field theories and supergravity”, Adv.
Theor. Math. Phys. 2 (1998) 231 [Int. J. Theor. Phys. 38 (1999) 1113], [arXiv:hep-th/9711200].
[2] O. Aharony, S. S. Gubser, J. Maldacena, H. Ooguri and Y. Oz,“Large N field theories, string
theory and gravity”, Phys. Rept. 323 (2000) 183, [arXiv:hep-th/9905111].
[3] S. Gubser, I.R. Klebanov and A.M. Polyakov,“Gauge theory correlators from noncritical string
theory”, Phys. Lett. B 428 (1998) 105, [arXiv:hep-th/9802109].
15
[4] E. Witten,“Anti-de Sitter space and holography”, Adv. Theor. Math. Phys. 2 (1998) 253,
[arXiv:hep-th/9802150] .
[5] S. A. Hartnoll,“Lectures on holographic methods for condensed matter physics”, Class. Quant.
Grav. 26 (2009) 224002, [arXiv:0903.3246].
[6] C. P. Herzog,“Lectures on Holographic Superfluidity and Superconductivity”, J. Phys. A 42
(2009) 343001, [arXiv:0904.1975].
[7] J. McGreevy,“Holographic duality with a view toward many-body physics”, Adv. High Energy
Phys. 2010 (2010) 723105, [arXiv:0909.0518].
[8] J. Zaanen, Y. W. Sun, Y. Liu and K. Schalm, “Holographic Duality in Condensed Matter
Physics,” Cambridge University Press 2015.
[9] S. Kachru, X. Liu and M. Mulligan, “Gravity duals of Lifshitz-like fixed points”, Phys. Rev.
D 78 (2008) 106005 [arXiv:0808.1725 [hep-th]].
[10] P. Horava,“Quantum Gravity at a Lifshitz Point”, Phys. Rev. D 79 (2009) 084008,
[arXiv:0901.3775 [hep-th]].
[11] P. Horava, “General Covariance in Gravity at a Lifshitz Point”, Class. Quant. Grav. 28 (2011)
114012, [arXiv:1101.1081 [hep-th]].
[12] T. Pavlopoulos, “Breakdown of Lorentz invariance”, Phys. Rev. 159 (1967) 1106.
[13] S. Chadha and H.B. Nielsen, “Lorentz invariance as a low-energy phenomenon”, Nucl. Phys.
B 217 (1983) 125.
[14] T. Griffin, P. Horaˇva and C. M. Melby-Thompson, “Lifshitz Gravity for Lifshitz Holography”,
Phys. Rev. Lett. 110 (2013) 081602, [arXiv:1211.4872 [hep-th]].
[15] S. Janiszewski and A. Karch, “String Theory Embeddings of Nonrelativistic Field Theo-
ries and Their Holographic Horava Gravity Duals”, Phys. Rev. Lett. 110 (2013) 081601,
[arXiv:1211.0010 [hep-th]].
[16] S. Janiszewski and A. Karch, “Non-relativistic holography from Horava gravity”, JHEP 02
(2013) 123 , [arXiv:1211.0005 [hep-th]].
[17] M. Alishahiha and H. Yavartanoo, “Conformally Lifshitz solutions from Horava Lifshitz Grav-
ity”, Class. Quant. Grav. 31 (2014) 095008, [arXiv:1212.4190[hep-th]].
[18] F.-W. Shu, K. Lin, A. Wang, Q. Wu, “Lifshitz spacetimes, solitons, and gener-
alized BTZ black holes in quantum gravity at a Lifshitz point”, JHEP 04 (2014) 056,
[arXiv:1403.0946[hep-th]]; K. Lin, F.-W. Shu, A. Wang, Q. Wu, “High-dimensional Lifshitz-
16
type spacetimes, universal horizons, and black holes in Horava-Lifshitz gravity”, Phys. Rev.
D 91 (2015) 044003, [arXiv:1404.3413[hep-th]].
[19] K. Lin, E. Abdalla, A. Wang, “Holographic superconductors in Horava-Lifshitz gravity”,
Int. J. Mod. Phys. D 24 (06) (2015) 1550038, [arXiv:1406.4721[hep-th]].
[20] X. Wang, J. Yang, M. Tian, A. Wang, Y. Deng, G. Cleaver,“Effects of high-order operators in
non-relativistic Lifshitz holography”, Phys. Rev. D 91 (2015) 064018, [arXiv:1407.1194[hep-
th]]
[21] C. -J. Luo, X.-M. Kuang, F.-W. Shu, “Lifshitz holographic superconductor in Horava-Lifshitz
gravity”, Phys. Lett. B 759 (2016) 184, [arXiv:1605.03260[hep-th]].
[22] D. V. Lopes, A. Mamiya and A. Pinzul, “Infrared Horava?Lifshitz gravity coupled to Lorentz
violating matter: a spectral action approach,” Class. Quant. Grav. 33, no. 4, 045008 (2016)
[arXiv:1508.00137 [hep-th]].
[23] V. A. Kostelecky, “Gravity, Lorentz violation, and the standard model”, Phys.Rev. D 69
(2004) 105009, arXiv:hep-th/0312310 [hep-th].
[24] S. S. Lee, “A Non-Fermi Liquid from a Charged Black Hole; A Critical Fermi Ball”, Phys.
Rev. D 79 (2009) 086006, [arXiv:0809.3402 [hep-th]].
[25] H. Liu, J. McGreevy and D. Vegh, “Non-Fermi liquids from holography”, Phys. Rev. D 83
(2011) 065029, [arXiv:0903.2477 [hep-th]].
[26] T. Faulkner, H. Liu, J. McGreevy and D. Vegh, “Emergent quantum criticality, Fermi surfaces,
and AdS2”, Phys. Rev. D 83 (2011) 125002, [arXiv:0907.2694 [hep-th]].
[27] M. Cubrovic, J. Zaanen and K. Schalm, “String Theory, Quantum Phase Transitions and the
Emergent Fermi-Liquid”, Science 325 (2009) 439, [arXiv:0904.1993 [hep-th]].
[28] N. Iqbal and H. Liu, “Real-time response in AdS/CFT with application to spinors”, Fortsch.
Phys. 57 (2009) 367, [arXiv:0903.2596 [hep-th]].
[29] S. A. Hartnoll, D. M. Hofman and D. Vegh, “Stellar spectroscopy: Fermions and holographic
Lifshitz criticality,” JHEP 1108, 096 (2011) [arXiv:1105.3197 [hep-th]].
[30] M. Cubrovic, Y. Liu, K. Schalm, Y. W. Sun and J. Zaanen, “Spectral probes of the holographic
Fermi groundstate: dialing between the electron star and AdS Dirac hair,” Phys. Rev. D 84,
086002 (2011) [arXiv:1106.1798 [hep-th]].
[31] J. P. Wu, “Holographic fermions in charged Gauss-Bonnet black hole”, JHEP 07 (2011) 106,
[arXiv:1103.3982 [hep-th]].
17
[32] X. M. Kuang, B. Wang, J. P. Wu, “Dipole coupling effect of holographic fermion in the back-
ground of charged Gauss-Bonnet AdS black hole”, JHEP 07 (2012) 125, [arXiv:1205.6674[hep-
th]].
[33] X. M. Kuang, B. Wang, J. P. Wu, “Dynamical gap from holography in the charged dilaton
black hole”, Class. Quantum Grav. 30 (2013) 145011, [arXiv:1210.5735 [hep-th]].
[34] J. P. Wu, “Some properties of the holographic fermions in an extremal charged dilatonic black
hole” , Phys. Rev. D 84 (2011) 064008, [arXiv:1108.6134 [hep-th]].
[35] M. Alishahiha, M. R. Mohammadi Mozaffar and A. Mollabashi, “Fermions on Lifshitz Back-
ground,” Phys. Rev. D 86, 026002 (2012) [arXiv:1201.1764 [hep-th]].
[36] L. Q. Fang, X. H. Ge, X. M. Kuang, “Holographic fermions in charged Lifshitz theory”, Phys.
Rev. D 86 (2012) 105037, [arXiv:1201.3832 [hep-th]].
[37] L. Q. Fang, X. H. Ge, X. M. Kuang, “Holographic fermions with running chemical potential
and dipole coupling”, Nucl. Phys. B 877 (2013) 807, [arXiv:1304.7431[hep-th]].
[38] L. Q. Fang, X. H. Ge, J. P. Wu, H. Q. Leng, “Anisotropic Fermi surface from holography”,
Phys. Rev. D 91 (2015) 126009, [arXiv:1409.6062[hep-th]].
[39] Z. Fan, “Holographic fermions in asymptotically scaling geometries with hyperscaling viola-
tio”, Phys. Rev. D 88 (2013) 026018 , [arXiv:1303.6053 [hep-th]].
[40] Z. Fan, “Dynamic Mott gap from holographic fermions in geometries with hyperscaling vio-
lation”, JHEP 08 (2013) 119 , [arXiv:1305.1151 [hep-th]].
[41] J. N. Laia and D. Tong, “A Holographic Flat Band”, JHEP 11 (2011) 125, [arXiv:1108.1381
[hep-th]].
[42] W. J. Li and H. Zhang, “Holographic non-relativistic fermionic fixed point and bulk dipole
coupling”, JHEP 11 (2011) 018, [arXiv:1110.4559 [hep-th]].
[43] A. Borzou, K. Lin, A. Wang,“Static electromagnetic fields and charged black holes in general
covariant theory of Horava-Lifshitz gravity”, JCAP 02 (2012) 025, [arXiv:1110.1636[hep-th]].
[44] W. J. Li, R. Meyer and H. b. Zhang, “Holographic non-relativistic fermionic fixed point by
the charged dilatonic black hole,” JHEP 01 (2012) 153 [arXiv:1111.3783 [hep-th]].
[45] X. M. Kuang, E. Papantonopoulos, B. Wang and J. P. Wu, “Formation of Fermi surfaces and
the appearance of liquid phases in holographic theories with hyperscaling violation”, JHEP
11 (2014) 086, [arXiv:1409.2945 [hep-th]].
[46] M. Edalati, R. G. Leigh and P. W. Phillips, “Dynamically Generated Mott Gap from Holog-
18
raphy”, Phys. Rev. Lett. 106 (2011) 091602, [arXiv:1010.3238 [hep-th]].
[47] M. Edalati, R. G. Leigh, K. W. Lo and P. W. Phillips, “Dynamical Gap and Cuprate-like
Physics from Holography”, Phys. Rev. D 83 (2011) 046012, [arXiv:1012.3751 [hep-th]].
[48] D. Guarrera and J. McGreevy, “Holographic Fermi surfaces and bulk dipole couplings”,
[arXiv:1102.3908 [hep-th]].
[49] X. M. Kuang, E. Papantonopoulos, B. Wang and J. P. Wu, “Dynamically generated gap from
holography in the charged black brane with hyperscaling violation”, JHEP 04 (2015) 137,
[arXiv:1411.5627 [hep-th]].
[50] G. Vanacore, P. W. Phillips, “Minding the Gap in Holographic Models of Interacting
Fermions”, Phys. Rev. D 90 (2014) 044022, [arXiv:1405.1041[hep-th]].
[51] J. Alsup, E. Papantonopoulos, G. Siopsis, K. Yeter, “Duality between zeroes and poles in
holographic systems with massless fermions and a dipole coupling”, Phys. Rev. D 90 (2014)
126013,[arXiv:1404.4010[hep-th]].
[52] S. A. Hartnoll and D. M. Hofman, “Locally Critical Resistivities from Umklapp Scattering,”
Phys. Rev. Lett. 108, 241601 (2012) [arXiv:1201.3917 [hep-th]].
[53] Y. Liu, K. Schalm, Y. W. Sun and J. Zaanen, “Lattice Potentials and Fermions in Holo-
graphic non Fermi-Liquids: Hybridizing Local Quantum Criticality,” JHEP 1210, 036 (2012)
[arXiv:1205.5227 [hep-th]].
[54] Y. Ling, C. Niu, J. P. Wu, Z. Y. Xian and H. b. Zhang, “Holographic Fermionic Liquid with
Lattices”, JHEP 07 (2013) 045, [arXiv:1304.2128 [hep-th]].
[55] Y. Ling, P. Liu, C. Niu, J. P. Wu and Z. Y. Xian, “Holographic fermionic system with dipole
coupling on Q-lattice”, JHEP 12 (2014) 149, [arXiv:1410.7323 [hep-th]].
[56] L. Q. Fang, X. M. Kuang, B. Wang and J. P. Wu, “Fermionic phase transition induced by the
effective impurity in holography”, JHEP 11 (2015) 134 , [arXiv:1507.03121 [hep-th]].
[57] I. Kimpton and A. Padilla, “Matter in Horava-Lifshitz gravity”, JHEP 04 (2013) 133 ,
[arXiv:1301.6950 [hep-th]].
[58] M. Taylor, “Non-relativistic holography”, [arXiv:0812.0530 [hep-th]].
[59] J. Tarrio, S. Vandoren, “Black holes and black branes in Lifshitz spacetimes”, JHEP 1109
(2011) 017, [arXiv:1105.6335].
[60] W. G. Brenna, R. B. Mann, M. Park, “Mass and Thermodynamic Volume in Lifshitz Space-
times”, Phys. Rev. D 92 (2015) 044015 ,[arXiv:1505.06331v3 [hep-th]].
19
[61] Z.-Y. Fan, H. Lu,“Electrically-Charged Lifshitz Spacetimes, and Hyperscaling Violations”,
JHEP 04 (2015) 139, [arXiv:1501.05318v1 [hep-th]].
[62] Z. Y. Fan and H. Lu,“Charged Black Holes in Colored Lifshitz Spacetimes”, Phys. Lett. B
743 (2015) 290,[arXiv:1501.01727 [hep-th]].
[63] J. Tarrio, S. Vandoren, “Black holes and black branes in Lifshitz spacetimes”, JHEP 09 (2011)
017,[arXiv:1105.6335v2 [hep-th]].
[64] S. Janiszewski, A. Karch, B. Robinson, D. Sommer, “Charged black holes in Horaˇva gravity”,
arXiv:1401.6479v1 [hep-th].
[65] T. Faulkner, G. T. Horowitz, J. McGreevy, M. M. Roberts, D. Vegh, “Photoemission ‘exper-
iments’ on holographic superconductors”, JHEP 1003 (2010) 121 , [arXiv:0911.3402].
[66] M. Alishahiha, E. O Colgain and H. Yavartanoo, “Charged Black Branes with Hyperscaling
Violating Factor,” JHEP 1211, 137 (2012) [arXiv:1209.3946 [hep-th]].
[67] M. Alishahiha, A. F. Astaneh and M. R. Mohammadi Mozaffar, “Thermalization in back-
grounds with hyperscaling violating factor,” Phys. Rev. D 90, no. 4, 046004 (2014)
[arXiv:1401.2807 [hep-th]].
[68] C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, “Effective Holo-
graphic Theories for low-temperature condensed matter systems,” JHEP 1011, 151 (2010)
[arXiv:1005.4690 [hep-th]].
20
